E. coli, PAN offers many advantages for mechanistic molar excess of 20S proteasomes was added so that all PAN should be bound to proteasomes, the basal and studies. PAN exhibits certain activities characteristic of molecular chaperones, e.g., it prevents aggregation and the substrate-stimulated ATPase activity of PAN were not significantly affected ( Figure 1B) . Thus, the proteinpromotes the refolding of denatured proteins (Benaroudj and Goldberg, 2000) . In addition, in the presence of activated PAN's ATPase activity is not increased further when PAN binds to 20S and when the substrate is trans-ATP, PAN catalyzes the unfolding of the globular green fluorescent protein when its C terminus is fused to the located into the proteolytic chamber and degraded. 11 residue ssrA peptide (GFPssrA) (Benaroudj and Goldberg, 2000) . This ATP-dependent "unfoldase" activity is Peptide Binding to PAN Stimulates Its ATPase Activity essential for the degradation of GFPssrA by archaeal Native GFP lacking the ssrA peptide at its C terminus is 20S proteasomes, which otherwise do not degrade not unfolded or degraded by PAN and 20S proteasomes GFPssrA. Like ATP-dependent proteases in E. coli and (Benaroudj and Goldberg, 2000), and did not stimulate other molecular chaperones, PAN's ATPase activity is ATP hydrolysis by PAN, presumably because it does not stimulated by protein substrates (our unpublished data), interact with PAN. Thus, the binding of PAN to GFPssrA but the mechanism of this substrate-activated ATP hyseems to depend on the 11 residue ssrA extension. We drolysis and its role in translocation and degradation of first tested whether this peptide could interact with PAN proteins remain unclear.
and inhibit its ability to unfold GFPssrA. . When the ssrA peptide residues of ␣ subunits which in eukaryotic 20S function was added to the reaction containing GFPssrA-PAN and as a gate for the channel. This study shows that one ATP, the fall was prevented. Thus, the ssrA peptide function of PAN and ATP is to open the gate in the ␣ inhibited the unfolding of GFPssrA by PAN, presumably ring, and that ATP hydrolysis also serves an additional because this peptide binds to the same site on PAN as role in facilitating the entry of substrates after their unGFPssrA. Interestingly, the ssrA peptide also inhibited folding.
the PAN-stimulated degradation of casein by 20S particles ( Figure 1D ), suggesting that these two very different protein substrates bind to the same site on PAN.
Results
We 
Entry of Unfolded Proteins Is Gated by the Amino Termini of the 20S ␣ Subunits and Regulated by PAN
One apparent difference between the X-ray structure of the prokaryotic and eukaryotic 20S particles lies in the To investigate whether protein entry in the archaeal 20S is limited by a similar gate that was missed in prior ␣ rings. In the X-ray structure of 20S from T. acidophilum, an axial channel with a diameter of 1.3 nm appeared studies, we have deleted the residues 2-12 of the ␣ subunits in archaeal 20S particles. These residues correto connect the surrounding medium with the internal chamber of the particle . Such a chanspond to those found to block the axial pore of the yeast 20S and whose deletion led to rapid substrate entry and nel through the ␣ rings was not observed in the X-ray structure of yeast 20S particles (Groll et al., 1997) . Inhydrolysis (Groll et al., 2000) . The ␣ subunits of the wildtype and ⌬␣(2-12)20S proteasomes were expressed in deed, entry of small peptides into the eukaryotic particle appeared to be blocked by the N-terminal extremities E. coli, and the resulting particles were analyzed by electron microscopy. Previous studies showed that exof the ␣ subunits that act as a gate for the channel (Groll et al., 2000) . However, these differences between pression of the archaeal ␣ subunits alone leads to formation of seven membered rings which can assemble furarchaeal and yeast 20S might only reflect differences between the forms of the particles crystallized in these ther into double rings (Zwickl et al., 1994) . Accordingly, both wild-type and ⌬␣(2-12) proteasome ␣ subunits form studies. (lanes 7-9) . This decrease corresponds prior work has established that the complex between GFPssrA and PAN is quite short lived, since PAN and probably to inevitable degradation that occurs between the withdrawing of the sample from the fluorescence GFPssrA, even when it is acid denatured, could not be coimmunoprecipitated, even in the presence of ATP␥S proteasome function, the energy costs for protein breakdown by two E. coli ATP-dependent proteases have (Navon and Goldberg, 2001) (our unpublished data). Accordingly, PAN could not be retained by a GFPssrAbeen investigated. It has been shown that during degradation of Arc-ssrA, 150 mol of ATP were hydrolyzed by containing resin (our unpublished data). In addition, when PAN was added without ATP, it did not affect the ClpXP, and this number was independent of the substrate's thermodynamic stability ( The Rate-Limiting Step in Protein Degradation by Proteasomes Because acid treatment of GFPssrA destroyed its globuDiscussion lar conformation and its ability to fluoresce, but did not accelerate its rate of degradation, gross unfolding of ATP Consumption during Protein Degradation Although it has long been appreciated that intracellular this protein can not be the rate-limiting step in its degradation. One alternative explanation of this result might proteolysis requires ATP hydrolysis, the actual amount of ATP required for the breakdown of a protein by probe that once the acid-denatured GFPssrA was diluted into the reaction buffer (pH 7.5) at 45ЊC, it refolded rapteasomes is not known. The present studies show that when the protein-activated ATP hydrolysis and proteolyidly and therefore showed similar rates of proteolysis and ATP dependence as globular GFPssrA. However, sis proceed at linear rates, there is an apparent stoichiometry between the amount of ATP molecules hyseveral findings make this trivial explanation very unlikely. First, after removing the acid, the denatured drolyzed and protein molecules degraded that appears independent of the nature of the protein substrate. At GFPssrA did not regain its fluorescence, and after 2 hr, its absorption spectrum was still indistinguishable from least 300 ATP molecules are hydrolyzed by PAN when proteasomes degrade 1 molecule of the protein subthat of denatured GFPssrA maintained in acid (data not shown). Second, the yield of GFP refolding at 50ЊC is strate. This surprisingly high number indicates that protein unfolding and translocation into the 20S particle only 19% of that at 37ЊC (Makino, 1997) . Perhaps the strongest evidence against refolding was that the acidrequires many cycles of ATP hydrolysis. Even more surprising was the finding that the amount of ATP hydrolysis denatured GFPssrA, unlike globular GFPssrA, was rapidly degraded by the ⌬␣(2-12)20S proteasome. Thereper protein degraded is similar with the globular and unfolded substrates. Thus, the rates of ATP hydrolysis fore, its structure must differ from that of the globular GFPssrA at 45ЊC. Although gross unfolding of globular by PAN are independent of whether or not PAN has to catalyze substrate unfolding. This conclusion is also substrates does not appear to be the rate-limiting step in degradation, translocation of the unfolded polypeptide supported by our finding that globular and unfolded substrates stimulate ATP hydrolysis to similar extents. through the ATPase ring into the 20S particle could be rate limiting. Consistent with this conclusion was the ATP-driven changes in the conformation of PAN must underlie both the unfolding and translocation through finding that deletion of the N-terminal residues of the ␣ subunit that obstruct entry into the 20S led to much the ATPase ring. With PAN alone, the protein is probably released into the solution. With 20S particles present, faster degradation of unfolded proteins, even faster than with PAN and ATP. these events are linked to substrate injection into the proteolytic chamber. ATP consumption was identical It has been generally assumed that protein unfolding is the rate-limiting step in the functioning of ATP-depenwhether or not proteasomes were present. In contrast, with the ATP-dependent proteases from E. coli, the dent proteases. 
